Using results from numerical experiments, budgets of divergent kinetic energy (k D ) and nondivergent kinetic energy (k ND ), are examined for the subsynoptic-scale low-level jet (LLJ) event that occurred during 1-2 June 1987 (TAMEX IOP 5) to diagnose the energy conversion process leading to the LLJ development.
Introduction
Flash floods are major meteorological disasters that occur in diverse locations around the globe. During the early summer rainy season (Mei-Yu) over southern , heavy rainfall events are frequently associated with surface frontal systems (Chen 1983 . Most of these Mei-Yu frontal systems form over southwestern China in the lee side of the Tibetan Plateau (Chen and Chi 1980; Chen 1983) . The TAMEX (Taiwan Area Mesoscale Experiment) was conducted during May-June 1987 to study the processes responsible for the development of heavy rainfall . During the TAMEX, eight Mei-Yu frontal systems passed Taiwan and were well monitored by routine upper-air stations and the special TAMEX observational network as well as a NOAA (National Oceano-graphic Atmospheric Administration) P-3 aircraft. Analyses of these Mei-Yu frontal systems reveal that even though the low-level temperature gradients are rather weak across the MeiYu fronts, these systems possess baroclinic characteristics with a marked vertical tilt over southern China prior to the seasonal transition in mid-June (Chen et al. 1989; Hui 1990, 1992; Trier et al. 1990; . These results are at variance with the view that the Mei-Yu front is an equivalent barotropic system driven by a CISK-type (Convective Instability of the Second Kind) process in the early literature (e.g., Chen and Chang 1980; Chen 1983; Chou et al. 1990) . During the seasonal transition in mid-June, the upper-level South Asian anticyclone advanced northward from IndoChina to the Tibetan Plateau . As a result, the upper-level westerly flow along the southern China coast was replaced by a northeasterly flow after the seasonal change. Chen and Li (1995) show that during the TAMEX IOP (Intensive Observing Period) 3 (May 21-23), the coupling between the upperlevel troughs, and low-level baroclinic forcing, is important for the development of the heavy precipitation along the southeastern China coast.
An impotant feature frequently accompanying the heavy precipitation events (> 100 mm per day) during the Mei-Yu season over southern China and the Taiwan area is a well-defined LLJ (Low-Level Jet) that develops in the 850-700 hPa layer (Chen and Yu 1988) . The LLJ transports warm, moist air from the southwest to generate convective instability (Chen 1983; Chen et al. 1994; Li et al. 1997) . Numerical studies of the LLJ have focused on the massmomentum adjustment process driven by convective heating (Chen and Dell'Osso 1984; Chou et al. 1990; Hsu and Sun 1994; Chen et al. 1998) . The generation of the LLJ in low levels is thought to result from the Coriolis force acting on the lower branch of the thermally direct circulation driven by convective heating. Chou et al. (1990) suggest that this thermally direct circulation maintains both the LLJ in the lower troposphere, and the easterlies in the upper troposphere south of the deep convection. Chen et al. (1998) suggest that the LLJ was generated by Coriolis force acting on the mesoinflow associated with mesoscale convective systems in the Mei-Yu frontal zone. Nevertheless, observational studies (Chen et al. 1994; Tseng 2000) show that the LLJ defined by Chen and Yu (1988) is a subsynoptic-scale feature in the warm sector of the Mei-Yu trough. These studies also show that the LLJ is close to geostrophic balance. The intensification of the LLJ is closely linked to the increase in the subsynoptic pressure gradients as the frontal cyclone deepens during the passage of an upper-level shortwave trough. Frequently, an eastward-moving mid-latitude trough is also present to the north at this time . The northwesterly flow behind the midlatitude trough brings in colder, drier air to the rear of the Mei-Yu trough from higher latitudes (Ma and Bosart 1987; Chen and Hui 1990 . Based on the diagnosis of the MeiYu system during the TAMEX IOP 5 (1-2 June), Chen et al. (1994) show that the transverse secondary circulation across the jet-front system is characterized by a thermally direct circulation across the baroclinic zone. The upper-level frontal zone and tropopause folding are also evident. Chen et al. (1997) simulated the cyclone-jet event during the TAMEX IOP 5 (1-2 June), with the Pennsylvania State University (PSU)/ National Center for Atmospheric Research (NCAR) mesoscale model version 4 (hereafter referred to as MM4). It was shown that in their control experiment, the model successfully reproduces most principal features of this event including cyclone path, intensification of the LLJ, upper-level short-wave trough and the associated ULJ, distribution of precipitation, and the secondary circulation across the jet-front system. Appreciable potential temperature gradients across the upper-level front, tropopause folding and high-PV air originating from the upper troposphere and lower stratosphere are evident even without convective heating, indicating that the dynamic forcing aloft is important. They suggest that the initial deepening of the cyclone is caused by the dynamic forcing aloft. With latent heating, the thickness ahead of the short-wave trough in the upper levels increases. In the mean time, the low-level cyclone deepens further with a stronger secondary circulation across the jet-front system. The LLJ develops in the warm sector of the Mei-Yu frontal cyclone in response to the increasing pressure gradients related to the deepening, and eastward movement of the cyclone. It is enhanced by convective heating. The transverse secondary circulation across the Mei-Yu front is baroclinic in nature and enhanced by convective heating. This view on the LLJ development differs from the mass-momentum adjustment process driven by cumulus convection suggested by several authors (Chen and Dell'Osso 1984; Chou et al. 1990; Hsu and Sun 1994; Chen et al. 1998) . This problem will be investigated quantitatively in this study.
The kinetic energy budget analysis is a useful tool in determining the processes important for the development of weather systems around the globe (Chen et al. 1978; Krishnamurti and Ramanathan 1982; Smith and Dare 1986; Fuelberg and Browning 1983; Fuelberg and Buechler 1986; Orlanski and Katsfey 1991; Orlanski and Sheldon 1993; Wiin-Nielsen and Chen 1993) . In this study, the energy conversion processes associated with this LLJ case will be presented based on the CTRL run of Chen et al. (1997) . They also conducted a sensitivity test without laten heating (NOLH). In their NOLH experiment, the low-level Mei-Yu frontal cyclone is weak; and the maximum wind speed of the LLJ is less than one half of that in the control simulation (CTRL). In contrast to the lower troposphere, without latent heating, the maximum speed of the ULJ is slightly larger than that of the control simulation. In this study, from the diagnosis of the model results with and without latent heat, the effects of latent heat release on the development of LLJ could be addressed. Specifically, the nondivergent and divergent kinetic energy equations (Chen et al. 1978; Buechler and Fuelberg 1986; Fuelberg and Buechler 1989; Wiin-Nielsen and Chen 1993) will be used to diagnose the physical processes responsible for the development of this East-Asia LLJ event quantitatively with and without latent heating. In addition, we also examine the energy conversion associated with the strengthening of the ULJ. The coupling between the upper-level, and low-level circulations, will also be examined.
Energy budget equations
According to Helmholtz's theorem we have
where V ND is the nondivergent wind, and V D is the divergent wind. The kinetic energy per unit mass (k) is defined as k ¼ V Á V=2. The divergent kinetic energy (k D ), and the nondivergent kinetic energy (k ND ), are defined as
Applying these definitions to Eq. (1), we have
Following Chen and Wiin-Nielsen (1976), Buechler and Fuelberg (1986) , and WiinNielsen and , by defining
the budget equations for the nondivergent kinetic energy and divergent kinetic energy can be rewritten as
respectively, where z ¼ qv ND qx À qu ND q y is the vorticity. The rest of the symbols have their usual meteorological meaning. These equations can be illustrated by the energy diagram in Fig. 1 × of the weather systems. Since the subsynopticscale cross-contour divergent winds, and the vertical motions, are components of the transverse secondary circulation across the jet-front system (Chen et al. 1994) , this conversion rate is critically dependent on the strength of the secondary circulation. The conversion from potential energy to nondivergent kinetic energy and to divergent kinetic energy are represented by GND and GD, respectively. Physically, the barotropic conversion between the potential energy and the nondivergent kinetic energy (GND) over the whole atmosphere is zero (Chen and Wiin-Nielsen 1976) . HFND and HFD denote horizontal import of k by V ND and V D , respectively. When integrated over entire mass of the atmosphere, flux terms HFND and HND will vanish. The vertical integral of the vertical flux divergence of k (VFK) is close to zero. Dissipation terms DND and DD represent residuals which include frictional processes, transfer of energy between resolvable and unresolvable scales of motion, and accumulation of possible errors from other terms in their respective equations. By integrating the above three equations over the whole mass of the atmosphere, they will reduce to the closed system equations in Chen and Wiin-Nielsen (1976) .
Data and computation procedures
The data set used in this study is from the results of the CTRL and the NOLH simulations in Chen et al. (1997) . The experiments were initialized at 0000 UTC 31 May 1987 about 24 h prior to the formation of the well defined cyclone. The results from the MM4 model simulations were converted to 19 pressure levels from the 1000-hPa level to the 100-hPa with a 50-hPa interval, in addition to the surface data. To separate the horizontal wind into its divergent and nondivergent components, the iterative scheme developed by Endlich (1967) is employed. Since the vertical motion in the original model output is in the sigma coordinate, the vertical motion o ( p-velocity) in the pressure coordinate is computed from the kinematic method.
Centered finite differences were used to compute horizontal derivatives except at the lateral boundary, and vertical derivatives except at the surface and upper boundary. To estimate the local time changes associated with the deepening of the Mei-Yu cyclone and the intensification of the LLJ, time derivatives were evaluated using centered differences over a 12-h period. The horizontal averaging was performed by the straight arithmetic average. Energy budget calculations were performed at each pressure level, then integrated over each 50-hPa layer by means of the trapezoidal rule, and normalized by the pressure of the entire layer; e.g., from the surface to the 100-hPa level. The vertical integration was performed by straight arithmetic addition. The dissipation terms (DND and DD) were obtained as residuals in Eqs. (4) and (5). The kinetic energy budgets were computed hourly. A nine-point smoother in time was used to present our results at 12-h and 24-h forecast times. The truncation errors introduced by the procedures used may contribute substantially to the residual terms.
Energetics in control simulation
It has been demonstrated in Chen et al. (1997) that the control simulation (CTRL) has successfully reproduced most of the major features associated with this cyclone-jet event. The simulated 700-hPa and 250-hPa level geopotential heights and wind fields in CTRL at the 12-h and 24-h forecast times are given in Figs. 2, 3 , respectively. Note that between 12-h and 24-h forecast times, strong LLJ develops on the southeastern quadrant of the Mei-Yu cyclone with a maximum speed > 22.5 m s À1 around 31 N, 118 E (Fig. 3b ) in good agreement with observations (Chen et al. 1994) . The maximum speed of the simulated northerlies behind the cyclone is 4-5 m s À1 larger than observed (see Fig. 3e in Chen et al. 1994) . As noted by Chen et al. (1994) , this cyclone is the deepest to occur during the TAMEX. It developed in the lee side of the Tibetan Plateau during the passage of an upper-level trough. A detailed evolution of synoptic weather patterns is given by Chen et al. (1994) .
In this section, diagnosis of energetics from the CTRL run will be presented with emphasis on the energy conversion associated with the intensification of the ULJ, and the LLJ. First of all, the area-averaged energetics in the area in which the cyclone is embedded (over the box of Fig. 3a) is computed. A close examination of the vertical profile of the area-averaged conversion rate for each term in Eqs. (4) and (5) reveals that the energy conversion in the lower troposphere is different from that in the upper troposphere (not shown). Furthermore, the energy conversion rates in the mid-troposphere are generally smaller than those in the upper troposphere and low levels. Therefore, we will discuss the area-averaged energetics in the lower (surface-650-hPa), and upper troposphere (400-200-hPa) separately. Note that these layers are not of equal depth, therefore, the kinetic energy and the conversion rates cannot be directly compared between these two layers. Our emphasis is on the differences in the dominant energy conversion processes between the lower and upper troposphere. We also would like to investigate the coupling between the upper-level, and low-level circulations, as the upper-level trough arrives.
One of the most striking features during the TAMEX IOP 5 is the intensification of the low- Fig. 3 . Same as Fig. 2 but for the 24-h forecast time (valid at 0000 UTC 1 June) (after Chen et al. 1997 ).
level southwesterly flow (or LLJ) to the southeast flank of the cyclone center (Chen et al. 1994) . The upper-level jet (ULJ) also strengthens during the intensification of the LLJ in the lower troposphere. To explore the energetics associated with the intensification of the LLJ and the ULJ, it is desirable to examine the horizontal distributions of individual terms, especially the generation terms in the kinetic energy budget equations near the ULJ and LLJ cores. Figure 4a -b show that in the lower troposphere (surface-650-hPa), the dominant source of k D is the conversion from the potential energy to the divergent kinetic energy by the cross-contour divergent winds (GD). Cðk D ; k ND Þ, is the major sink of k D . For the energy balance of k ND , Cðk D ; k ND Þ is the dominant source of k ND , whereas GND is the secondary source.
Area-averaged energetics
Since GD is much larger than GND, it is apparent that the cross-contour flow in the lower troposphere is dominated by the divergent winds. In spite of these conversions, k D itself is very small (Figs. 4a-b) , indicating its role as a ''catalyst'' (Chen et al. 1978) in converting PE into k ND . The conversion from PE to k ND via Cðk D ; k ND Þ, plays the dominant role in the lowlevel energy budget. In other words, the primary source of k ND originates from the conversion of potential energy to k D by the cross-contour divergent winds, and then to k ND via the secondary circulation across the jet-front system (Chen et al. 1994 ) to restore geostrophic balance as the cyclone deepens. The rate of the increase in k ND is about twice larger at the 24-h (Fig. 4b) , than at the 12-h (Fig. 4a) forecast time as the cyclone deepens with a strengthening secondary circulation across the jet-front system.
In the upper troposphere (Figs. 4c-d) , k D is very small compared to k ND . As the system deepens, k ND increases. The dominant energy source for k ND is the conversion from the potential energy to k ND by the cross-contour nondivergent flow (GND). In contrast to the lower troposphere, GD is much smaller than GND suggesting that the cross-contour flow in the upper troposphere is dominated by the nondivergent winds. Nondivergent kinetic energy is lost through DND, and the conversion from k ND into k D ½Cðk D ; k ND Þ. HFD and INTND are two small terms. GD and Cðk D ; k ND Þ are two major sources of k D , whereas divergent kinetic energy is lost through terms VFK, HFD, and DD. The energy conversion process does not change much from 12-h (Fig. 4c) to the 24-h (Fig. 4d) forecast time as the upper-level trough amplified with a stronger secondary circulation. It is apparent that during 1-2 June 1987, the upper-level circulations during the intensification of the LLJ is not maintained by the thermally direct circulation driven by convective heating as suggested by several authors (Chen and Chang 1980; Chen 1983; Chen and Dell'Osso 1984; and Chou et al. 1990 ). This problem will be discussed further in later sections.
4.
2 Low-level energetics associated with the subsynoptic-scale LLJ The evolution of the integrated k ND in the surface-650-hPa layer is shown in Figs. 5a-b . k ND has a maximum both ahead of, and behind the cyclone center at the 12-h forecast time (Fig. 5a ). Both maxima increase significantly as the cyclone deepens (Fig. 5b) . The magnitude of k D is much smaller than k ND , and only increases slightly during the deepening of the cyclone (Figs. 5c-d) . DKD is two orders of magnitude smaller than DKND (not shown). It is apparent that the intensification of the southwesterly (northerly) flow ahead of (behind) the cyclone center contributes to the increase in k ND rather than k D . An examination of the integrated DKND in the surface-650-hPa layer shows that before the 12-h forecast time, the kinetic energy increase over the area is mainly associated with the strengthening of the northerly flow behind the cyclone (Fig. 6a) . After the 12-h forecast time, the kinetic energy associated with the strong southwesterly flow (or LLJ) increases rapidly (Fig. 6b) . Since our main interest is on the energy conversion during the intensification of the LLJ, our discussion on horizontal distribution of kinetic energy budget will focus on the 24-h simulations.
In the area encompassing the strong southwesterly flow (or LLJ) ahead of the cyclone center (Fig. 5b) , the primary source of k D is GD (Fig. 7a) . HFD (Fig. 7b) contributes to the increase of k D . For this area, divergent kinetic energy is removed by VFK from the lower troposphere and exported to the upper troposphere associated with the upward motion (Fig. 7c) . Cðk D ; k ND Þ is positive showing the conversion of energy from k D to k ND (Fig. 7d) . The fact that the pattern of Cðk D ; k ND Þ (Fig. 7d) is similar to that of GD (Fig. 7a) demonstrates that most of the divergent kinetic energy (k D ) generated from potential energy (PE) is converted into k ND through the secondary circulation across the jetfront system. Therefore, k D only acts as an important bridge connecting PE and k ND . GND is small until the 24-h forecast time.
The horizontal distribution for GND is presented in Fig. 8a . It has a maximum southwest of the LLJ core. HFND (Fig. 8b) transports energy downstream from the maximum k ND centers (Fig. 5b) because of the horizontal advection by nondivergent winds. The GND maximum-southwest of the LLJ core-is partially canceled by HFND. Around the LLJ core, since GD (Fig. 7a) is much greater than GND, it is apparent that the cross-contour ageo- strophic flow across the LLJ core is dominated by the divergent winds. The dominate energy source k ND around the LLJ axis is the conversion of potential energy to k D through crosscontour divergent winds (GD), and then to k ND through the secondary circulation across the jet-front system [Cðk D ; k ND Þ]. Diagnosis of the ageostrophic winds in the lower troposphere (Chen et al. 1994) shows that the LLJ is close to geostrophic balance with weak along-stream ageostrophic winds. It appears that the intensification of the LLJ is related to the massmomentum adjustment as the Mei-Yu cyclone deepens. In short, the intensification of the LLJ during 1-2 June 1987 is related to the increase in k ND . In the area encompassing the LLJ, the most important energy source of k ND is k D generated from the potential energy through the crosscontour divergent winds and converted into k ND through the transverse secondary circulation across the jet-front system diagnosed by Chen et al. (1994) . Therefore, the development of this LLJ event is closely linked to the strengthening of the secondary circulation as the low-level Mei-Yu frontal cyclone deepens.
In the area of encompassing the strong northerly flow behind the cyclone center (Fig. 5b) , the individual terms in Eqs. (4) and (5) are larger than their corresponding terms in the area encompassing the LLJ ahead of the cyclone center. Most of the k D generated by GD (Fig. 7a) is converted into k ND via Cðk D ; k ND Þ (Fig. 7d) . Divergent kinetic energy is transported downward by VFK by downward motions (Fig. 7c) , and becomes the energy source of k D . Nondivergent kinetic energy is lost through GND (Fig. 8a) .
Upper-level energy source for the
intensification of the subsynoptic-scale ULJ The total kinetic energy k is dominated by k ND (Figs. 9a-b) , which increases during the intensification of the ULJ, whereas k D only changes slightly (Figs. 9c-d) . The integrated DKND in the 400-200-hPa layer is two orders of magnitude larger than DKD (not shown). At both the 12-h and 24-h forecast times, the increase in k ND occurs primarily ahead of the upper level trough (Fig. 10) . In the region encompassing the ULJ, the major source of k D is GD (Fig. 11a) . HFD advects divergent kinetic energy away from the maximum divergent kinetic energy center (Fig. 11b) . VFK transports divergent kinetic energy upward from the lower troposphere (Fig. 11c) . Cðk D ; k ND Þ converts energy from k ND to k D (Fig. 11d) . Since the intensification of the ULJ is related to the increase in k ND , it is apparent that the intensification of the ULJ is caused by the energy sources of k ND . The major source of k ND is the conversion from the potential energy to k ND through crosscontour nondivergent winds (GND) (Fig. 12a) , whereas HFND advects kinetic energy downstream by nondivergent winds from the jet core (Fig. 12b) . Chen et al. (1994) have shown that similarly to the lower troposphere, the strengthening of the ULJ during 1-2 June 1987 is related to the cross-contour isallohypic flow. This study shows that the cross-contour flow ahead of the trough is dominated by the nondivergent winds consistent with the diagnosis of the ageostrophic wind equation using the observational data presented by Chen et al. (1994) . They show that in contrast to the LLJ, which is close to geostrophic balance, there are large along-stream ageostrophic winds related to the inertial advection term (Shapiro and Kennedy 1981 ). Near the upper-level trough axis, the speed of the ULJ is less than 80% of its geostrophic value whereas near the ridge axis over Korea, the ULJ is supergeostrophic (Chen et al. 1994) . The upper-level divergence ahead of the trough is primarily contributed by the along-stream ageostrophic winds. It provides the upper-level support needed for the deepening of the low-level Mei-Yu frontal cyclone.
Based on the results of this study, and our previous observational studies and numerical experiments, the LLJ development over southern China prior to the seasonal transition in mid-June ) is summarized as follows. Prior to the seasonal transition in midJune, the upper-level South Asian anticyclone is over northern IndoChina, with prevailing westerlies over the Tibetan Plateau and southern China . The development of a lee trough (T L ) in low levels east of the Tibe- tan Plateau occurs as an upstream shortwave trough (T 1 ) moves eastward with strengthening westerlies over the Tibetan Plateau (Chen et al. 1994; Chen and Tseng 2000) . As the upper-level shortwave trough continues to move eastward, the dynamic forcing ahead of the upper-level trough provides the upper-level support needed for the deepening of the lee trough or Mei-Yu trough (Chen et al. 1994; Chen et al. 1997) . At this time, a midlatitude trough (T M ) is frequently present to the north (Chen and Hui 1992; . The northerly wind component behind T M brings in colder, drier air along the northeastern periphery of the Tibean Plateau to the rear of the Mei-Yu trough in low levels (Chen and Hui 1992; ). An axis of maximum frontogenesis due to horizontal deformation occurs along the Mei-Yu front west of the frontal cyclone (Chen and Hui 1992) . The transverse secondary circulation across the Mei-Yu front is characterized by a thermally direct circulation across the baroclinic zone, with warm air rising within the southwest monsoon flow, and cold air sinking in the postfrontal northeasterlies (Chen et al. 1994) . A LLJ develops ahead (in the warm sector) of the Mei-Yu trough (Mei-Yu cyclone) as the Mei-Yu trough (Mei-Yu cyclone) deepens (Chen et al. 1994; Chen and Tseng 2000) . Based on the analyses of kinetic energy conversion of the LLJ event during 1-2 June 1987 in this study, the most important energy source for the LLJ is the divergent kinetic energy generated from the potential energy through the cross-contour divergent winds, and then converted to nondivergent kinetic energy through the transverse circulation across the jet-front system. Therefore, the LLJ development could be viewed as a mass-momentum adjustment process in response to baroclinic forcing in the presence of latent heating as the Mei-Yu trough (or Mei-Yu cyclone) deepens. This mechanism is at variance with the CISK process proposed in the literature cited in the introduction. The effects of latent heat release on the LLJ development will be assessed quantatively in the next section.
Effects of latent heat release on the development of LLJ and ULJ
In this section, the energetics in NOLH will be diagnosed, and compared to those in Section 3 to assess the effects of latent heat release on intensification of the LLJ and the ULJ. A comparison between Fig. 13 and Fig. 4 shows that in the upper troposphere (Figs. 13b and 4d ) the ratio kðNOLHÞ=kðCTRLÞ is approximately 1.06, whereas in the lower troposphere (Figs. 13a and 4b) this ratio drops below 0.24 as the system develops. It is apparent that latent heating has a significant effect on the generation of kinetic energy in the lower troposphere and the intensification of the LLJ (compare Fig. 14a with Fig. 5b ), but not in the upper troposphere (compare Fig. 14b with Fig. 9b ). At the 700-hPa level, the divergent winds in CTRL have a pronounced cross-contour component toward the region east and northeast of the cyclone center (Fig. 15a) . The general pattern of divergent winds (Fig. 15a) resembles that of the cross-contour component of the ageostrophic winds (Fig. 8a in Chen et al. 1997) , and that of isallohypsic winds (Fig. 8b in Chen et al. 1997 ) except in the exit region of the northerly jet behind the cyclone. Chen et al. (1994) also found that at the 700-hPa level, the isallohypsic winds computed from observed data contribute to more than 50% of the observed convergence east of the cyclone center. It is apparent that the cross-contour divergent winds are related to isallohypsic winds as the cyclone deepens, and is enhanced by latent heating. Without feedback effects from convective heating, the cyclone fails to fully develop (Fig. 15b) , resulting in weaker cross-contour isallohypsic winds and geopotential height gradients. Therefore, although GD is still the dominant source of k D in the lower troposphere (Fig. 13a) , its magnitude is much smaller than in CTRL (Fig. 4b) . In the absence of latent heating, the secondary circulation across the jet-front system is much weaker than in CTRL. Since the conversion rate from k D into k ND via Cðk D ; k ND Þ depends on the strength of the secondary circulation, this conversion is slow in the NOLH run (Fig. 13a) . Consequently, the simulated LLJ is much weaker in NOLH than in CTRL.
In the upper troposphere (Fig. 13b) , latent heat release also affects the energy balance of k D . The generation term GD is only one-half of that in CTRL (compare Fig. 13b with Fig. 4d ). The export of kinetic energy by divergent winds (HFD) is also much slower in NOLH than in CTRL. Other conversion rates are not significantly affected by latent heating. For the energy balance of k ND , the magnitude of GND in NOLH is slightly larger than that in CTRL ( Fig. 4d) with HFND changing sign. The magnitudes of other terms in the nondivergent kinetic equation do not change much without latent heating. HFND is strictly an advective process. An inspection of vertical profiles of area-averaged HFND in CTRL, and in NOLH (not shown), reveals that area-averaged HFND is always a small positive value for layers below the 300-hPa level and a negative value above. In CTRL, the area-averaged vertically integrated HFND is a small positive value. In NOLH, the horizontal distribution of HFND for the 400-200-hPa layer shows a couplet structure with negative (positive) values in the jet entrance (exit) region with a maximum negative (positive) value @ 109 E, 28 N(119 E, 32 N) (not shown). Above the 300-hPa level, the area-averaged HFND in NOLH has larger negative values than in CTRL. This is due to slightly larger wind speeds, and the fact that part of the positive value area downstream of the ULJ in NOLH is outside the box in Fig. 3b (not shown). As a result, area-averaged vertically integrated HFND becomes a negative value in NOLH. Chen et al. (1994) have shown that during 1-2 June 1987, the cross-contour isallohypsic winds play a key role for the intensification of the ULJ. This feature is also reproduced by our model simulation (Figs. 8c and 8d in Chen et al. 1997 ). Comparing Fig. 15c with Figs. 8c and 8d in Chen et al. (1997) , it is apparent that in the upper troposphere, the divergent winds contribute very little to the observed cross-contour ageostrophic winds that lead to the strengthening of ULJ. The divergent winds ahead of the trough have a large along-stream component due to the curvature effect. Our energy conversion computations show that near this ULJ axis, the conversion from the potential energy to k ND is primarily through cross-contour nondivergent winds (GND). Without latent heating, the simulated divergent winds in the upper troposphere are weaker than in CTRL (Fig.  15d) . Since the divergent winds do not play a major role for the generation of kinetic energy near the ULJ core, a weaker secondary circulation in NOLH would not affect the strength of the ULJ.
Discussion and summary
Using results from numerical simulations initialized with observed data, detailed energetics analyses are performed and the effects of latent heating are diagnosed to further understand the mechanisms responsible for the development of the lee cyclone, and the intensification of both the subsynoptic-scale LLJ and the sub- synoptic-scale ULJ during 1-2 June 1987. The major findings for this particular case are summarized as follows:
(1) In the lower troposphere, the intensification of the southwesterly flow is primarily related to the increase in nondivergent kinetic energy (k ND ). The primary energy source of divergent kinetic energy (k D ) is the conversion from potential energy, into divergent kinetic energy through the work done by the crosscontour divergent winds (GD). The energy generated from potential energy to divergent kinetic energy is then converted into nondivergent kinetic energy through the transverse secondary circulation across the jet front system (Cðk D ; k ND Þ), resulting in a strong LLJ ahead of the cyclone. It is apparent that the development of the LLJ ahead of the low-level trough is closely linked to the strengthening of the secondary circulation across the Mei-Yu frontal zone, as an upper-level shortwave trough arrives and deepens. Without latent heating, the frontal cyclone fails to fully develop with smaller geopotential height gradients, and a much weaker secondary circulation. Consequently, with a much slower energy conversion rate without latent heating, the simulated LLJ is much weaker than in CTRL; (2) The upper-level energetics are different from those in the lower troposphere. Without latent heating, the divergent kinetic energy k D is small, as the conversion from potential energy to divergent kinetic energy (GD) decreases. The intensification of the ULJ is due to the increase in nondivergent kinetic energy (k ND ), and its most important energy source is the conversion from potential energy, to nondivergent kinetic energy via cross-contour isallohysic nondivergent winds (GND). This conversion rate does not change much without latent heating; therefore, latent heating does not affect the intensity of the ULJ.
